Chemerin, an adipokine and inflammatory mediator, is associated with metabolic, inflammation-and immune-mediated diseases. The genetic, clinical, and biomarker correlates of circulating chemerin levels have not been completely elucidated. We analyzed the determinants and correlates of retinoic acid receptor responder 2 (RARRES2; encoding chemerin) gene variants and chemerin levels in the Taiwanese population. In total, 612 individuals were recruited. Clinical and metabolic phenotypes, 13 inflammatory markers, 5 adipokines, and 6 single-nucleotide polymorphisms (SNPs) covering the RARRES2 region were analyzed. High chemerin levels and chemerin level tertiles were positively associated with multiple metabolic phenotypes and circulating inflammatory marker and adipokine levels and negatively associated with high-density lipoprotein cholesterol and adiponectin levels and estimated glomerular filtration rates (eGFRs). Genotype and haplotype analyses showed that RARRES2 SNPs were significantly associated with chemerin, fibrinogen, interleukin 6, and lipocalin 2 levels. Stepwise logistic regression analysis showed that C-reactive protein level, leptin level, triglyceride level, eGFR, rs3735167 genotypes, sex, and soluble P-selectin level were independently associated with chemerin levels. In conclusion, pleiotropic associations were noted between RARRES2 variants, circulating chemerin levels and multiple metabolic phenotypes and inflammatory marker levels. This study provides further evidence for the potential roles of chemerin in metabolic and inflammation-related diseases.
Introduction
Chemerin, an adipokine and a chemoattractant protein [1] [2] [3] , is mainly expressed in white adipose tissues [2, 4] ; it is induced during adipocyte differentiation with elevated circulating levels in obesity [5] . In addition to adipose tissue, chemerin is expressed in other cell types involved in innate and adaptive immunity, which promotes the recruitment of immune cells to the site of injury [3] . Chemerin is secreted in an inactive form as prochemerin and is processed by various proteases involved in coagulation to produce active and inactive forms of chemerin [6] . Upon proteolytic activation by proteases, different chemerin fragments with proor anti-inflammatory action can be produced, depending on the class of proteases in the microenvironment. Previous studies demonstrated the pleiotropic role of chemerin in diverse biological processes including immune response regulation [3] , inflammation [7] [8] [9] , glucose metabolism [10] , and angiogenesis [11, 12] .
Studies have suggested that chemerin is a predictor of metabolic syndrome [7, 10] . The elevation of chemerin levels is positively correlated with detrimental effects on glucose, lipid, and cytokine homeostasis and may act as a link among obesity, inflammation, and other metabolic derangement [13] . Plasma chemerin is increased in chronic inflammatory diseases, and levels of chemerin are correlated with those of proinflammatory cytokines such as tumor necrosis factor, interleukin (IL) 6, and C-reactive protein (CRP) [7] [8] [9] . Furthermore, chemerin is involved in the pathophysiology of rheumatoid arthritis [14] , ulcerative colitis, Crohn's disease [15] , psoriasis, chronic pancreatitis [16] , chronic renal disease [17] , and liver disease [18] .
Chemerin binds to three receptors including CMKLR1 (also known as ChemR23), chemokine receptor-like 2 (CCRL2), and G protein-coupled receptor 1 (GPR1); and the chemerin-CMKLR1 axis plays multiple roles in the control of inflammation, metabolism, and carcinogenesis in different organs and systems [19] . CMKLR1 is also present on the endothelium of blood vessels as well as on underlying smooth muscle cell layers [20] . CMKLR1 agonism leads to changes in vascular tone, causing hypertension; the damaged endothelium uncovers CMKLR1 on smooth muscle cells, thus promoting the development of atherosclerosis. In addition, a positive and independent correlation has been observed between circulating levels of chemerin and risks of coronary artery disease (CAD), ischemic stroke, and carotid plaque instability [21, 22] . Serum chemerin levels have been shown to be moderately heritable, with 16%-25% of variations attributed to genetic factors [11, 23] . Variants of retinoic acid receptor responder 2 (RARRES2), the gene encoding chemerin, have been demonstrated to be associated with increased chemerin levels, visceral fat mass in nonobese individuals, and increased incidence of metabolic syndrome [11, [23] [24] [25] [26] . Coexpression network analyses of gluteal and abdominal adipose tissue revealed that rs10282458 in the RARRES2/ REPIN1 region modulated RARRES2 expression and were associated with body mass index (BMI) [25] . To our knowledge, there are no previous data about the association between the levels of chemerin and the inflammatory markers SAA, MMP1, MMP2, and MMP9 and the adipokines lipocalin 2 and GDF15 in human. Furthermore, literature about the correlation of RARRES2 variants and various inflammatory markers and adipokines is also lacking. Haplotypes present a record of evolutionary history more accurately than do individual SNPs and capture the LD patterns of a genomic region more adequately. Susceptibility genes in complex diseases such as metabolic and inflammationrelated diseases may be identified by haplotypes more effectively than by individual SNPs. The present study was conducted to analyze the association of genetic, clinical, and biomarker predictors with circulating chemerin levels, as well as the association of RARRES2 genotypes and haplotypes with various clinical phenotypes and biomarker levels in the Taiwanese population. [27] . Current smokers were defined as those who regularly smoked cigarettes at the time of the survey. The Ethics Committee of Taipei Tzu Chi Hospital, Buddhist Tzu Chi Medical Foundation, approved this study (IRB number: 04-XD01-001). Diabetes mellitus was defined according to the guidelines of the American Diabetes Association as a fasting plasma glucose level of ≥126 mg/dL or a history of receiving hypoglycemic agents. Moreover, hypertension was defined as a systolic BP of ≥140 mmHg and/or a diastolic BP of ≥90 mmHg, or a history of receiving antihypertensive drugs. Metabolic syndrome was defined according to the Adult Treatment Panel III Asian criteria. Table 1 presents the baseline characteristics of the study participants according to the tertiles of circulating chemerin levels.
Participants and Methods
2.2. Genomic DNA Extraction and Genotyping. Genomic DNA was extracted as previously reported [28] . Oligonucleotide primers were generated to amplify genomic DNA fragments containing single-nucleotide polymorphisms (SNPs), as reported in the National Center for Biotechnology Information SNP database (http://www.ncbi.nlm.nih.gov/SNP). On the basis of the HapMap database, we analyzed six SNPs with selected tagSNPs by running the tagger program implemented in SNPinfo Web Server and with the coverage of the RARRES2 region (encoding chemerin; linkage disequilibrium [LD] threshold = 0.8 and minor allele frequency ≥ 0.2). Genotyping for the studied polymorphisms was performed using TaqMan SNP genotyping assays obtained from Applied Biosystems (ABI, Foster City, CA, USA).
Laboratory Examinations.
Venous blood was collected in the morning after an overnight fast, and serum and plasma samples were obtained through centrifugation at 3000 ×g for 15 minutes at 4°C and then stored at −80°C prior to analyses. The following variables were performed according to the methods described by Hsu et al. [29] . Glucose levels were enzymatically determined using the hexokinase method, and total cholesterol (TC) and triglyceride (TG) levels were measured through automatic enzymatic colorimetry. High-density lipoprotein cholesterol (HDL-C) levels were enzymatically measured after phosphotungsten/magnesium precipitation. LDL-C levels were calculated using the Friedewald formula; however, in patients with a TG level > 400 mg/dL, low-density lipoprotein cholesterol (LDL-C) levels were measured using commercial reagents with a standard protocol. Serum insulin levels were measured using an immunoradiometric assay (BioSource, Nivelles, Belgium). The homeostasis model assessment of insulin resistance (HOMA-IR) index was calculated using the following formula: HOMA-IR = fasting serum insulin (μU/mL) × fasting plasma glucose (mmol/L)/22.5. Estimated glomerular filtration rate (eGFR) was calculated as previously reported [30] . Circulating plasma levels of chemerin, growth differentiation factor (GDF) 15, matrix metalloproteinase (MMP) 1, soluble P-selectin (sP-selectin), and soluble tumor necrosis factor receptor (sTNFR) II, as well as serum levels of lipocalin (LCN) 2, MMP2, and resistin, were measured using commercially available enzyme-linked immunosorbent assay (ELISA) kits (R&D, Minneapolis, MN, USA). Other markers, namely, serum CRP, serum amyloid A (SAA), soluble intercellular adhesion molecule 1 (sICAM1), soluble vascular cell adhesion molecule 1 (sVCAM1), soluble E-selectin (sE-selectin), adiponectin, leptin, MMP9, and plasma monocyte chemotactic protein 1 were measured using an in-house sandwich ELISA kit. All in-house kits showed good correlation levels compared with those of commercially available ELISA kits (Supplementary References available here). Furthermore, serum insulin levels were measured using an immunoradiometric assay (BioSource, Nivelles, Belgium). Plasma fibrinogen levels were determined using the Clauss method adapted for a Sysmex CA1-1500 instrument (Kobe, Japan). ELISA and genotyping were performed by laboratory personnel blinded to the clinical status of the participants. Overall, the intra-and interassay variability of coefficients were within the range of 1.8% to 10.9% (Supplementary Table 1 ).
2.4. Statistical Analysis. The chi-squared or chi-squared test for trend was used to determine differences in the categorical data distribution. The clinical characteristics of the continuous variables are expressed as means ± standard deviation and were tested using a two-sample t-test or analysis of variance, except when the distribution was strongly skewed, in which case the median and interquartile ranges are provided. Pearson and partial correlation coefficients were used to analyze the relationship between chemerin levels and clinical Data are presented as means ± SD, percentage, or median (interquartile range) as appropriate. BP: blood pressure; HDL: high-density lipoprotein; LDL: lowdensity lipoprotein; HOMA-IR index: homeostasis model assessment of insulin resistance index; eGFR: estimated glomerular filtration rate. * 546 were analyzed with the exclusion of subjects using antihypertensive drugs.
# 603 were analyzed with the exclusion of subjects using lipid-lowering agents. * * 601 were analyzed with the exclusion of subjects using hypoglycemic agent. and biochemical factors. A generalized linear model was used to analyze chemerin levels associated with the predictors of the investigated genotypes and confounders. Linear regression analysis with the stepwise method was also performed to determine the independent correlates of chemerin levels. All biomarker levels were logarithmically transformed before statistical analysis to adhere to a normality assumption. The Bonferroni correction method was used to address the accumulated errors from multiple testing by determining the corrected cutoff for each P value with the total numbers of tests (n). The adjusted P values < 0.05 were taken as statistically significant. The analysis of deviation from the Hardy-Weinberg equilibrium, estimation of the LD between polymorphisms (Supplementary Figure 1) and haplotypes, was performed using Golden Helix SVS Win32 7.3.1 software.
Results

Associations between Chemerin Levels and Clinical
Correlates. Tables 1, 2 , and 3 present the associations between chemerin levels and clinical factors. Even after Bonferroni correction with an adjustment of 17 clinical correlates, participants with higher chemerin levels were found to be significantly older, in addition to having significantly higher BMI values; waist circumference values; systolic, mean, and diastolic BP levels; triglyceride, creatinine, and insulin levels; and HOMA-IR index values; and significantly lower serum HDL-C levels and eGFR in tertile and/or continuous variable analyses. The frequencies of smoking, obesity, hypertension, IR, and metabolic syndrome were also higher with a higher tertile of chemerin levels. Furthermore, we analyzed the associations between chemerin levels and several risk factors for cardiovascular disease. Plasma levels of chemerin were significantly higher in women, current smokers, and participants with hypertension, obesity, IR, and metabolic syndrome (P = 0 044, 0.009, 0.015, 6.52 × 10 −9 , 0.001, and 0.004, resp.; Table 4 ). However, after Bonferroni correction, significant associations were found only in obesity, IR, and metabolic syndrome (P = 4 55 × 10 −8 , 0.007, and 0.021, resp.; Table 3 ).
Associations between Chemerin Levels and Biomarker
Correlates. Tertile and continuous variable analyses revealed that chemerin levels were associated with circulating levels of most of the studied inflammatory markers including CRP, fibrinogen, SAA, sE-selectin, sP-selectin, sICAM1, sTNFRII, MMP1, and MMP2 (all P < 0 05). The association was observed even after Bonferroni correction with an adjustment of 13 inflammatory biomarker levels ( Figure 1 , Table 4, and Supplementary Table 2) , considering circulating adipokine levels, leptin, and LCN2 levels were positively, while adiponectin level was negatively, associated with chemerin levels (all P < 0 01 after Bonferroni correction).
Associations of the RARRES2 Locus Genotypes and
Haplotypes with Circulating Chemerin Levels. No significant deviation from the Hardy-Weinberg equilibrium was detected for the RARRES2 locus variants. Strong linkage disequilibrium was observed between SNPs rs7806429 and rs4721 and between SNPs rs3735167 and rs10282458 (Supplementary Figure 1) . Variants in or around RARRES2 were significantly associated with chemerin levels in our Taiwanese cohort (Table 5) . After adjustment for clinical covariates, chemerin levels were observed to be significantly associated with the studied polymorphisms rs7806429, rs4721, rs3735167, and rs10282458 using an additive inheritance model (P = 0 001, 0.002, 5.27 × 10
, and 1.08 × 10 −5 , resp.) and a dominant model (P = 0 009, 0.019, 4.33 × 10 −5 , and 8.91 × 10 −5 , resp.). Moreover, haplotype analysis revealed that RARRES2 SNPs were significantly associated with chemerin levels (P = 0 008 and 0.0002 for haplotypes TTTCTG and CGTTTA, resp.; Table 6 ).
Haplotypes with Clinical and Biochemical Correlates. Genotype and haplotype analyses revealed that RARRES2 SNPs were significantly associated with fibrinogen, IL6, and LCN2 levels (maximum P = 0 003, 0.007, and 0.008, resp., for rs3735167 and rs10282458 genotypes; and maximum P = 0 007, 0.016, and 0.011, resp., for the CGTTTA haplotype in Table 6 ). None of the RARRES2 locus genotypes were significantly associated with other clinical or biochemical correlates, with or without adjustment for circulating chemerin levels.
Stepwise Regression Analysis of Chemerin Levels with a
General Linear Model in the Study Population. Because we observed that multiple genetic, clinical, and biomarker parameters correlated with circulating chemerin levels, stepwise logistic regression analysis was performed, which revealed that CRP, leptin, triglyceride, eGFR, rs3735167-CC genotype, sex, and sP-selectin level were all independently associated with chemerin levels (P < 0 001, <0.001, 0.002, <0.001, 0.001, 0.012, and 0.019, resp.; Table 7 ).
Discussion
Our data revealed significant associations of the RARRES2 genotypes and haplotypes with chemerin, fibrinogen, IL6, and LCN2 levels. In addition, chemerin levels were found to be associated with age, sex, renal function, obesity, IR, multiple metabolic phenotypes, and metabolic syndrome as well as many circulating inflammatory marker and adipokine levels. All of these parameters have been previously reported to be associated with the risk or long-term outcome of atherosclerotic cardiovascular disease. These results enable the understanding of genetic, clinical, and biomarker correlates of circulating chemerin levels in the Taiwanese population and provide further evidence for the potential roles of chemerin in metabolic and inflammation-related diseases.
Associations of Chemerin Levels with Clinical
Characteristics. Circulating chemerin levels are associated with multiple metabolic phenotypes. Li et al. conducted a meta-analysis of eight studies enrolling 1787 participants for determining the association between serum chemerin levels and clinical indices in obesity and metabolic syndrome [31] . The meta-analysis results regarding metabolic and 
<0.001
Abbreviations as in Table 1 . For Bonferroni correction, n = 15. obesity markers indicated that triglycerides, total cholesterol, CRP, BMI, total body fat percentage, waist circumference, waist-hip ratio, systolic BP, and leptin levels were positively correlated with chemerin levels. Nevertheless, diastolic BP, LDL-C, and HDL-C were not significantly correlated in the described meta-analysis. However, several studies have reported a positive correlation between chemerin levels and both systolic and diastolic BP values, even after adjustment for age and BMI [2] or systolic BP [32] , diastolic BP [33] , alone. Concordantly, our data revealed an association of high chemerin levels with nearly all metabolic phenotypes related to metabolic syndrome, including high waist circumference, high serum triglyceride levels, high BP, high HOMA-IR index, and low HDL-C levels. The relationship of chemerin and BP may be explained by inflammatory cytokinedependent upregulation of CMKLR1 expression that has been discovered on vascular endothelial cells in human [12] . Chemerin was able to induce functional angiogenesis in these cells [12] . Furthermore, another study also found CMKLR1 receptor on endothelium of blood vessel and their underlying smooth muscle layers [20] , and these may potentially affect BP. Chemerin played a role in adipogenesis [4] . Adipocytes are responsible for storing excess calories and may lead to adipocyte hypertrophy and hyperplasia and cause increases intracellular lipids, proinflammatory cytokines, and free fatty acids, which are the risk factors involved in the formation of dyslipidemia [34] .
Chemerin has been reported to regulate adipocyte differentiation, lipid homeostasis, and insulin sensitivity [2, 35] . Chemerin showed a relatively strong correlation with clamp-derived insulin sensitivity [36] . In our study, high chemerin levels were associated with a higher incidence of IR and metabolic syndrome, and these results are consistent with those of previous studies [2, 7, 31] . Our data are also compatible with those of other studies that have reported significant and independent correlations of chemerin levels with renal function, even after adjustment for other variables [17, 37] .
Associations of Chemerin Levels with Inflammatory
Biomarker Levels. Several studies have demonstrated the association of circulating chemerin levels with inflammatory markers such as high-sensitivity CRP (hs-CRP), IL6, and tumor necrotic factor α [8, 9] . Moreover, one study reported an association of chemerin with hs-CRP and fibrinogen, even after adjustment for waist circumference [38] , indicating that this association cannot be explained by the accumulation of adipose tissue alone. Chemerin, a chemoattractant protein, activates the adhesion of macrophages to fibronectin and VCAM1 in a CMKLR1-dependent manner, and chemerinstimulated adhesion may be crucial in recruiting and retaining macrophages at inflammation sites and in their further activities [3] . Additionally, chemerin interacts with the endothelium by inducing the production of ICAM1 and E-selectin [39] in children, and it also promotes the release of MMP2, MMP9 [12] , and MMP7 [40] , which may play a role in blood vessel remodeling and growth in in vitro experiments. This relationship between chemerin and MMPs has not been investigated in human. In this study, tertile and continuous variable analyses revealed an association of chemerin levels with multiple markers associated with different stages of chronic inflammation. These markers were as follows: a coagulation factor (fibrinogen), cell adhesion molecules (sICAM1, sE-selectin, and sP-selectin), matrix metalloproteinases (MMP1 and MMP2), and the final common pathway of inflammation (CRP, SAA, IL6, and sTNFRII). These results suggest that chemerin may induce extensive inflammatory processes in various inflammatory disorders. To our knowledge, there are no previous data about the association between the levels of chemerin and various inflammatory markers including SAA, MMP1, MMP2, and MMP9 in human. This study is also the first study of East Asian population investigating the association between the levels of chemerin and various inflammatory markers including fibrinogen, sICAM1, sVCAM1, sE-selectin, sP-selectin, MCP1, SAA, MMP1, MMP2, and MMP9.
Associations of Chemerin Levels with Adipokines Levels.
Chemerin, a proinflammatory adipokine, modulates chemotaxis and activities of macrophages [2] . Circulating chemerin levels have been reported to be significantly correlated with obesity [2, 41] . Sell et al. [5] and Weigert et al. [7] have reported a positive association between chemerin levels and resistin and leptin levels. Chu et al. [42] revealed that chemerin and adiponectin reciprocally contribute to metabolic syndrome. In a meta-analysis, adiponectin was negatively correlated with chemerin levels [31] . No previous study has been reported focusing on the correlation between the levels of chemerin and other novel adipokines such as lipocalin 2 and GDF15 in human. This study is also the first study of East Asian population investigating the association between the levels of chemerin and adipokines such as leptin, resistin, lipocalin 2, and GDF15. Our data show that chemerin levels were positively correlated with leptin and GDF15 levels, negatively correlated with adiponectin levels, and not significantly associated with resistin levels. The ). Abbreviations were used as in Table 3 . The stars in each plot of the figure revealed participants with biomarker levels over three times the interquartile range (IQR) in each chemerin level tertile. If the value of outlier is between 1.5 and 3 times the IQR, we remark "○." Note that we have an outlier for CRP in the third tertile of chemerin on truncated coordination of Figure 1 . Table 2 . The haplotype alleles correspond to rs7806429, rs4721, rs17173608, rs3735167, rs10244748, and rs10282458.
mentioned results may reveal the potential roles of chemerin in metabolic and inflammation-related diseases. [43] [44] [45] [46] [47] [48] . When compared to other biomarker levels, such as MMP9, sICAM1, YKL-40, SAA, and GDF15 levels, chemerin levels seemed to have stronger associations with multiple metabolic phenotypes and inflammatory marker levels. Further, inverse associations were found between chemerin and adiponectin levels on the metabolic phenotypes and inflammatory marker levels as previously reported [42, 46, 47] . Circulating biomarkers have been widely used for risk prediction of metabolic and immune-related disorders, including atherosclerotic cardiovascular disease [49] . A recent report has shown that chemerin levels were associated with the prognosis of CAD [37] . Further study may be necessary to elucidate the role of chemerin in predicting the risk and prognosis of various metabolic and inflammatory diseases.
Chemerin in the Context of Previous
Associations of RARRES2 SNPs with Circulating
Chemerin Levels. Genome-wide association studies have reported an association of RARRES2 loci with circulating chemerin levels [23, 37] . SNPs, both rs7806429 and rs3735167, were found to be associated with RARRES2 mRNA expression with possible functional effects and had the lowest P values in two genome-wide analyses. By contrast, Leiherer et al. reported no association of the SNP rs4721 with serum chemerin levels [37] . Notably, the SNP rs17173608, which was previously found to be associated with multiple metabolic factors and diseases, was not associated with chemerin levels. Our data revealed that the SNPs rs3735167 and rs10282458, which were in nearly complete LD, had the lowest P values for the association with chemerin levels. The SNPs rs7806429 and rs4721 had a strong LD and were significantly associated with chemerin levels in a univariate but not multivariate analysis, whereas rs17173608 was not associated with serum chemerin levels in our study. These results suggested ethnic genetic heterogeneity in the association of RARRES2 SNPs with chemerin levels; each ethnic population may yield distinct data.
4.6. Pleiotropic Effects of RARRES2 SNPs. Studies have reported the pleiotropic effects of RARRES2 SNPs, including a varying adiposity status, visceral fat mass, metabolic syndrome, and polycystic ovary syndrome [24-26, 50, 51] . The SNP rs17173608, the most commonly reported SNP associated with all the aforementioned phenotypes in non-Asian populations, was not associated with chemerin levels or various clinical characteristics, inflammatory biomarkers, or adipokines in our study population. The SNP rs17173617, which was reported to have a strong LD with rs3735167, was associated with the risk of DM in a Chinese population [52] . Literatures about the correlation of RARRES2 variants and various inflammatory markers and adipokines shown in the manuscript are unavailable. Our data showed that RARRES2 variants were associated with circulating chemerin, fibrinogen, IL6, and LCN2 levels, but not with other clinical phenotypes or biomarker levels in the Taiwanese population. These results warrant a large prospective study with a more complete genotyping analysis, which may facilitate a more comprehensive understanding of the pleiotropic effects of RARRES2 variants.
Limitations.
The main limitation of this study is its crosssectional design. Further, this is a correlation study with no biological experimental evidence to validate the correlations or to state that chemerin induces extensive inflammatory processes in various diseases. Additional functional and prospective studies will enable to elucidate the mechanism and role of RARRES2 variants and circulating chemerin levels in the long-term outcomes of metabolic and inflammationrelated diseases. The reagent in the R&D Systems ELISA kit recognizes not only bioactive chemerin but also inactive prochemerin and large degraded/inactive chemerin protein fragments. Thus, it would be more informative to assess other bioactivity assays (β-arrestin signaling, DiscoverX) or ELISA [53] .
In conclusion, this study revealed RARRES2 variants as the genetic determinants of circulating chemerin, fibrinogen, IL6, and LCN2 levels in the Taiwanese population. The associations of chemerin levels with multiple metabolic phenotypes and inflammatory marker levels were also investigated. Based upon our multiple analyses, we provided further and novel evidence about the important role of chemerin and RARRES2 variants involved in inflammation and metabolic diseases. Future studies are needed to elucidate the role of chemerin in diverse diseases.
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